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Data archiving location: all data will be archived on Dryad 2 0 2 1 2 2 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  2 5 8 tests found no support for including F IS at any of the genetic loci and we do not consider 2 5 9 it further. 2 6 0 2 6 1
We also fitted a more complex stepped cline model, where the center part of the cline 2 6 2 remains sigmoid, but exponential curves are permitted for each of the tails. This model 2 6 3 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  1 3 has six parameters: slope s, center c, two locations where the exponential tails begin 2 6 4 (xpos1, xpos2) and the two slopes of the exponential curves (tslope1 and tslope2); the 2 6 5 latter two range between 0 and 1 and are the proportion by which the slope of the sigmoid 2 6 6 curve is reduced. Note that xpos2 and tslope2 are the parameters for the anadromous side 2 6 7 of the hybrid zone.
6 8 6 9
Cline fitting: morphological data 2 7 0
CFit requires morphological traits to be at their maximum at the left hand side (i.e.
7 1
anadromous) side of the hybrid zone. This is true for the logged residuals of dorsal fin 2 7 2 length, left pectoral fin length, pelvic spine length, and second dorsal spine length.
7 3
However, the logged residual of caudal peduncle depth is greatest in stream fish, and so 2 7 4
we used the negative of the logged residuals in the CFit analysis for this trait. We used a simple clinal model to characterize the morphological data across the hybrid 2 7 7
zone (Gay et al. 2008) . Observed measurements were assumed to be drawn from a 2 7 8 normal distribution N(μ x , σ x ), where μ x and σ x are functions of distance x across the 2 7 9 hybrid zone. More specifically, μ x was modeled as μ min +(μ max −μ min ) p x , where μ min and 2 8 0 μ max measure the mean in the stream and anadromous population, respectively, and p x is 2 8 1 the sigmoid function of distance (with maximum slope s and center c). The variance σ x 2 8 2 was modeled as p x 2 σ 1 + 2 p x (1− p x )σ 2 + (1− p x ) 2 σ 3 to account for differences among 2 8 3 individuals from either the anadromous or the stream populations (σ 1 and σ 3 , 2 8 4 respectively) and between either pure population and hybrids from the zone center (σ 2 ).
8 5
This model assumes that in each location, the distribution of each trait is unimodal 2 8 6 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  1 4 (drawn from a simple normal distribution). As with the genetic data, parameters were 2 8 7 estimated by maximum likelihood using CFit 7.
8 8 8 9
For each trait, we compared the fit when the trait variance is constant through the zone 2 9 0 (σ 1 =σ 2 =σ 3 ) to a model where σ 1 , σ 2 and σ 3 were allowed to vary independently. The best 2 9 1 fit from this comparison (as determined by comparing the Akaike Information Criteria, 2 9 2
Akaike 1973) was then retained for the cline comparison step described below. As with 2 9 3 the genetic data, we fitted the stepped cline to the morphological data as well, leading to a 2 9 4 model with a maximum of eleven independent parameters. 2 9 5 2 9 6
Comparing cline shapes 2 9 7
We tested for coincidence and concordance between clines by forcing them to have the 2 9 8 same center and/or slope, respectively, and comparing the AIC values of these models to 2 9 9 models where each cline was fitted independently. We considered a difference of 2 AIC 3 0 0 units between models an indication of a 'significant' difference, with the caveat that a 3 0 1 difference of 7 to 10 AIC units is needed before concluding that the worse model has When genetic loci are more or less fixed on either side of the zone they can be treated as 3 0 6 diagnostic, and can thus used to calculate a Hybrid Index (HI) for each individual. The
0 7
Hybrid Index is calculated by counting the number of anadromous alleles across the four 3 0 8 loci with large differences in allele frequency between the two populations (Eda, 3 0 9
. CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . We genotyped 428 adult (>40mm) fish from 16 sites through the hybrid zone at Eda, 3 2 0 ATP1a1, and 13 anonymous SNP loci. These data are available on Dryad (doi:XXXX).
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2 1
Locus P7A09 failed to amplify in most anadromous individuals and was excluded from 3 2 2 the subsequent analyses. Amplification success was otherwise very good, with an average 3 2 3 of 9.7 (2.2%) missing genotypes per locus. Two of the anonymous loci (P3A06 and 3 2 4 P6B12) showed no allele frequency differences across the hybrid zone, and were also 3 2 5 excluded at this stage.
2 6 2 7
We also obtained morphological data for these 428 fish (Table 1 and Dryad doi:XXXX).
2 8
We discovered that variation in caudal peduncle width was found to result from two 3 2 9 confounding sources: anadromous fish had a bony 'keel' which adds 1-2mm to the total 3 3 0 width of the peduncle, but this feature is not present in stream individuals. However, 3 3 1 when the keel is ignored, stream fish had a wider caudal peduncle than anadromous fish.
2
As the total width of the peduncle could not be expected to fit a simple cline model it was 3 3 3 discarded at this stage. Comparing cline centers and slopes 3 3 6 3 3 7
Our central question is whether the clines for Eda, ATP1a1, and the five morphological 3 3 8 traits have the same center and slope. We therefore fit a model where these seven clines 3 3 9
. CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  1 7
were constrained to share the same slope and center, and compared it to one where slope 3 4 0 and center were allowed to vary independently. A joint center (2298m) and slope (-2.83) 3 4 1 was a better fit (AIC = 4206.9 for joint clines vs 4212.8 for independent clines). The 3 4 2 parameters for the individually fitted clines at all genetic loci are given in Table 2a . The cline for pectoral fin length is quite different from the other morphological traits (see 3 4 5 above, Figure 3c and S1), and correspondingly the model fit is somewhat improved when 3 4 6 it is allowed to have an independent slope and center (AIC = 4201.4 when pectoral fin is 3 4 7 independent vs AIC = 4206.9 when it is not). The joint cline for these six traits and loci 3 4 8 was at 2296m and had a slope of -2.87. but individual traits or loci may be under strong direct selection and therefore much 3 6 0 steeper. We therefore fit a series of model where five of the clines had the same slope and 3 6 1 one cline had an independent slope, with all clines sharing the same center. None of these 3 6 2 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  1 8 models was a significant improvement over the simpler model where all six clines are 3 6 3 constrained to share the same slope and center. The clines for two of the anonymous SNPs (P3D05 and P6A10) are also steep and 3 6 6 centered near the joint cline for the selected traits and loci (Table 2a, Figure 4) . As a post 3 6 7 hoc test we fit models where each of these was forced to share the same slope and center 3 6 8 as the joint cline. We found some evidence that P3D05 could be included with the joint 3 6 9 cline (AIC = 4090.1 when P3D05 is included vs AIC = 4091.5 when P3D05 has its own 3 7 0 slope and center). However, the model fit was worse when P6A10 was included with the 3 7 1 joint cline (AIC = 4074.26 when P6A10 is included vs AIC = 4062.3 when P6A10 has 3 7 2 independent slope and center). This is largely because the cline at P6A10 is located 100m cline is a significantly worse model fit than forcing it to have the same slope (AIC = 3 7 5
4071.3 when P6A10 has joint center but independent slope vs AIC = 4062.8 when it has 3 7 6 joint slope but independent center). The copyright holder for this preprint (which was not .
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pelvic spine or 2 nd dorsal spine. Pectoral fin length had a much steeper slope (-14.5) and a 3 8 6
cline center at 2170m, about 130m downstream of the other traits (Table 2b and proportionally much smaller fins than any of the other sites in the hybrid zone. Second,
fish with proportionally very long pectoral fins (as is typical of anadromous fish) were 3 9 1 very rare upstream of 2100m (see Figure 3c ). We therefore used CFit7 to assess the fit of 3 9 2 more complex cline models (see Gay et al. 2008 and the CFit7 manual for details). The 3 9 3 best-fit model required 18 parameters and is shown in Figure S1 .
Fitting a stepped cline led to an improvement in model fit for three of five anonymous 3 9 6
SNP loci but the fit was hardly improved for the other two. A stepped cline with tslope1 3 9 7
= tslope2 was a better fit for P6A10 (AIC = 674.4 for stepped vs 683.2 for sigmoid).
9 8
However the improvement in fit of a stepped cline over a simple sigmoid cline is slight The four genetic loci with steep clines (Eda, ATP1a1, P3D05, and P6A10) are more or 4 0 7
less fixed on either side of the zone and can be treated as diagnostic. We used these four 4 0 8
. CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  2 0 loci to calculate a Hybrid Index (HI), as described in Barton & Gale (1993; hereafter 4 0 9 BG93). The distribution of the HI through the hybrid zone is shown in Figure 5 , while the 4 1 0 mean and variance for each sampling location are given in Table 1 . fish over 40mm, which were very likely sampled after they had dispersed. None of these 4 3 0 four loci are physically linked, so r = 0.5, and thus . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  2 2 The model fit for a stepped cline at Eda and ATP1a1 was worse than the fit for a simple 4 8 0 sigmoid cline. Similarly, a stepped cline was a worse fit for the four morphological traits 4 8 1 in the joint cline (dorsal fin length, caudal peduncle depth, pelvic spine length, and 4 8 2 second dorsal spine length). This is a puzzling finding. These clines are all steep 4 8 3 compared to the estimated rate of dispersal, and highly concordant and coincident 4 8 4 (Figures 2 and 3 ). There certainly is plenty of LD at the cline center: at 2300m, the 4 8 5 . hybrid zones would be a useful way to examine this scenario. A more reasonable explanation is that while fish could easily traverse the zone, they 5 7 6
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instead choose a point along the river according to their genotype and phenotype and stay 5 7 7
. CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  2 8 there over the breeding season. This must be the case for the anadromous fish, which for habitat preference, and the fish may follow a simple rule like 'remain in the part of the 5 9 7
river where the effort to maintain osmotic balance and swimming effort is minimized'. The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  3 9 Table 1 . Sample sizes, mean allele frequencies for Eda and ATP1a1, mean and variance for the Hybrid Index (HI) as calculated from Eda, ATP1a1, P3D05, and P6A10. Also shown are mean body length and the mean logged residuals from the morphological traits, by site. The limit of the salt finger for the highest tide during the study period was 2350m from the sea. The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  4 2 . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/016832 doi: bioRxiv preprint first posted online Mar. 22, 2015;  
